Abstract The purpose of the present study was to determine the maximal coronary flow reserve (CFR) before and after the administration of successive cocaine doses (0.1, 0.5, 3, and 7 mg/kg IV) for 2 minutes at 10-minute intervals in eight miniature swine. CFR was assessed by the administration of adenosine (0.03, 0.3, and 3 mg IC). Hemodynamic tration of cocaine, and LAD CF increased 1.4-fold, CVR increased 2.5-fold, and CFR decreased onefold. Thus, adenosine partially reversed the potent cocaine constrictor effect.
C ocaine abuse has been associated with major cardiovascular complications, ie, myocardial infarction and sudden death, in otherwise healthy individuals.1'-1 The mechanism whereby cocaine causes myocardial ischemia remains speculative. Previous studies have shown decreases in epicardial coronary artery diameter, decreases in coronary blood flow (CBF), and increases in coronary vascular resistance (CVR) in response to the administration of cocaine. [12] [13] [14] [15] [16] [17] [18] [19] However, epicardial coronary vasoconstriction has been moderate and has not been associated with direct evidence of myocardial ischemia. Thus, cocaine-induced epicardial coronary vasoconstriction would not appear to initiate myocardial ischemia and infarction. Recently, Shannon et a120 demonstrated that cocaine administered intravenously to conscious dogs caused a significant increase in CVR in the setting of increased myocardial oxygen consump-tion. In addition, the coronary vascular effects of cocaine were mediated via adrenergic stimulation and modulated by cholinergic blockade. 20 We have previously reported that progressive administration of cocaine (1, 3, and 10 mg/kg given at 10-minute intervals) induced transmural myocardial infarction in a Yorkshire pig.21 There was no evidence of epicardial coronary spasm or intravascular thrombosis, but with each cocaine dose, CBF decreased and CVR increased. Therefore, we speculated that cocaine induced microvascular spasm. In support of our findings, Vitullo et a122 documented cocaine-induced microvascular constriction in vessels <60 ,um without epicardial coronary vasoconstriction in isolated rat hearts.
The purpose of the present study was to test the hypothesis that cocaine can produce microvascular spasm and, consequently, myocardial infarction. We used Yucatan miniature swine because this variety of pigs has been useful for studying the complex processes of neointimal proliferation, thrombosis, and coronary spasm.23-26 Moreover, Egashira et a127 have shown that Yucatan miniature swine under general anesthesia demonstrate a significant increase in arterial pressure and heart rate in response to large cocaine doses. Our specific aims were (1) to determine the coronary vasodilator reserve before and after the administration of cocaine, (2) to determine the in vivo and in vitro effects of cocaine on the reactivity of epicardial coronary arteries before and 3 months after balloon vascular injury (endothelial denudation of the left circumflex coronary artery [LCX] and angioplasty of the left anterior descending coronary artery [LAD] ), and (3) to determine the in vitro effects of cocaine on the coronary microvessels <200 ,um in diameter.
Materials and Methods
Eight Yucatan minipigs (Charles River Breeding Laboratories, Inc, Wilmington, Mass), 3 to 4 months old, of either sex, and weighing 30 to 40 kg, were sedated with intramuscular ketamine hydrochloride (12.5 mg/kg, Quad Pharmaceutical, Inc, Indianapolis, Ind) and diazepam (10 mg, Roche Laboratories, Inc, Nutley, NJ). The animals were intubated and mechanically ventilated with a respirator (Harvard Apparatus, South Natick, Mass). Anesthesia was maintained with a mixture of 1.5% isoflurane and 2% oxygen. Arterial pH, partial pressure of oxygen (P02), partial pressure of carbon dioxide (Pco2), and temperature were kept within normal limits. Normal saline solution (50 mL/h) and heparin (5000 U bolus injection followed by 1000 U/h) were continuously infused through a cannula inserted into an ear vein during the experiment. The 35 -mm film at a speed of 50 frames per second using nonionic contrast medium (iopamidol 76%, Squibb Diagnostic, Princeton, NJ). Coronary arteriography was performed under basal conditions. Epicardial coronary artery diameter was measured using digital calipers (Ultra Cal II, Fowler, Zurich, Switzerland).
Two coronary artery segments in the LAD were measured: one proximal segment (1 cm before the first septal branch) and one middle segment (1 cm beyond the first septal branch). Also, two coronary artery segments were measured in the LCX: one proximal segment (1 cm before the first obtuse marginal branch) and one middle segment (1 cm beyond the first obtuse marginal branch). The contrast-filled coronary guiding catheter was used as a known reference standard. The intraobserver variability for 175 consecutive measurements was r=.88 with slope=0.85 for one observer (B.N.L.) and r=.84 with slope=0.88 for another observer (G.Y.P.). The interobserver variability for 100 consecutive measurements was r=.82 with slope=0.81.
CBF Measurements
A 0.018-in Doppler flow wire (Cardiometrics, Inc, Mountain View, Calif) was positioned in the proximal segment of the LAD to measure CBF velocity. 28, 29 The system coupled to the flow wire model 5500, Cardiometrics Inc, Mountain View, Calif). This Doppler system included simultaneous ECG recording and a software package to provide on-line computation and characterization of diastolic and systolic flow velocity patterns. This allowed calculation of mean LAD CBF, coronary flow reserve (CFR), and CVR: CBF (mL/min)=,wD2/4xAPVx60, where D is diastolic diameter of the coronary artery in centimeters, and APV is average peak velocity in centimeters per second; CFR=APV (during reactive hyperemia)/APV (during baseline); and CVR (mm Hg* mL-1 minm')=mean arterial pressure/CBF.
Angioplasty and Endothelial Denudation Technique
The swine were treated with aspirin (650 mg PO) beginning on the day before the initial study and continuing for 3 days after the procedure. In addition, the following drugs were given 10 minutes before the angioplasty procedure: heparin, 5000 U IV; nitroglycerin, 400 ,ug IV; bretylium, 2 mg/kg IV (two doses, 5 minutes apart); lidocaine, 50 mg/kg IV (three doses, 5 minutes apart); and sublingual nifedipine, 10 mg.
Using the 8F guiding catheter previously engaged in the left main coronary artery, an angioplasty balloon catheter (3.5 to 4 mm in diameter, 20 mm in length, Advanced Cardiovascular Systems Inc, Temecula, Calif) was advanced over a 0.014-in floppy guide wire (Meditech, Andover, Mass) and positioned in the proximal LAD. Vessel diameter was estimated from the angiograms by using catheter diameter as a standard, and we aimed for a balloon-to-artery ratio 1.5 to 2 times the dimension of the LAD. The balloon was inflated four times for 30 seconds at 8 atm pressure (Meditech pressure manometer) with 3-minute intervals between inflations. The balloon catheter was subsequently advanced into the proximal portion of the LCX, and endothelium was denuded by repeated (five times) inflation and deflation of the balloon at 3 atm (Meditech pressure manometer). Coronary angiography was repeated 5 minutes later to assess the vessel patency.
Isometric Force Recording Studies In Vitro
Coronary arteries were quickly removed and cleaned of the perivascular tissue. Four to six pairs of vascular arterial rings, 2 to 3 mm in length, were prepared from the LAD, LCX, and right coronary artery (RCA). Three vascular rings from the proximal segment of the LAD, proximal segment of the LCX, and proximal segment of the RCA were mounted in organ baths filled with 50 mL physiological salt solution gassed with 95% 02/5% CO2 at 30°C (pH 7.3 to 7.4). The region of the angioplasty site (proximal segment, LAD) and endothelial denudation artery site (proximal segment, LCX) were identified in advance by reviewing the coronary angiograms. Vascular rings mounted in the organ chamber were allowed to equilibrate for 60 minutes before the resting tension was adjusted to 2 to 3 g. Circular isometric force in these rings was measured with a transducer (model UC-2, Gould, Inc) and recorded on a thermal chart recorder (Gould). Arterial vascular rings were then contracted with 60 mmol/L KCl solution at 30-minute intervals, during which period the vascular rings were progressively stretched until contractile force reached a maximum level (ie, Lma.). After equilibration at L,,, for 60 minutes, the dose-response relations for histamine (3 x 10-8 toMicrovascular Studies In Vitro Microarterial vessels were carefully dissected from obtuse marginal branches of the LCX with a x 10 to x 60 dissecting microscope (Olympus). These vascular segments varied in size from 90 to 170 ,um in diameter and from 1 to 2 mm in length. They were placed in a Plexiglas isolated organ bath chamber, cannulated with dual glass micropipettes measuring 30 to 80 ,tm in diameter, and secured with 10-0 nylon monofilament suture. The Krebs' buffer solution was continuously circulated through the organ bath chamber. The microvessels were pressurized to 40 mm Hg in a no-flow state with a buret manometer filled with Krebs' buffer. With the use of an inverted microscope (x40 to x200, IMT-2, Olympus) connected to a video camera, the vessel image was projected onto a television monitor (Panasonic). A videoelectronic dimension analyzer (Living System Instrumentation, Burlington, Vt) was used to measure internal lumen diameter and wall thickness. A pressure transducer measured distending pressure via a sidearm cannula immediately proximal to one of the micropipettes. Measurements were recorded with a four-channel Western Graphtec recorder. Vessels were allowed to bathe in the organ chamber for 30 to 60 minutes before an intervention. After equilibration, drugs were added to the bath, and the dose-response relations for histamine (10-7 to 10-6 mol/L) and cocaine (10-9 to 10-4 mol/L) were constructed by the cumulative addition of drugs.
Drugs and Chemicals
Histamine hydrochloride, carbamylcholine chloride (carbachol), 5- 
Tissue Analysis and Measurements
Under anesthesia with a-chloralose, the heart was rapidly removed, and the left and right coronary arterial systems were isolated. Tissue samples from the arterial segments contiguous to those used for the in vitro experiments were sectioned at 1-mm intervals and mounted on a glass slide. The sections were stained with hematoxylin-eosin and Masson's trichrome stain. Histological section analysis was performed by three independent observers; two of them were pathologists. The arterial histological section with the most severe lumen stenosis was used to make all measurements. The neointimal thickening was measured from the internal elastic lamina to the lumen at the point of maximal thickening (maximal neointimal thickness). Intimal thickness was measured at circumferential points of 00, 900, 1800, and 2700. The four measurements were averaged and divided by four to give mean intimal thickness. The degree of vascular injury was evaluated by using a histopathologic grading system (Table 1) .
Experimental Protocol
The present study was performed in the following three phases:
Phase I First, after the baseline angiogram, a 0.018-in Doppler flow wire (Cardiometrics) was positioned in the proximal segment of the LAD to measure coronary flow velocity at baseline. Second, successive incremental cocaine doses (0.1, 0.5, 3, and 7 mg/kg) were administered intravenously, over 2 minutes as a bolus, separated by 10-minute intervals. Systemic hemodynamics and CBF measurements were obtained and analyzed 3 minutes after each cocaine dose, after which coronary angiography was performed. Third, a 30-minute washout period was allowed, and then angioplasty of the LAD and endothelial denudation of the LCX were performed as previously detailed in the angioplasty technique section. After completion of the study, the right femoral artery was ligated with 2.0 silk, and the skin incision was closed with a running subcuticular 3.0 vicryl suture. One million units of intravenous penicillin was given at the beginning of the procedure, and the same dose was repeated at the end. After confirming that the animals had recovered from surgery and anesthesia, they were housed in a temperature-controlled animal ward (New England Veterinary Medical Center, North Grafton, Mass) and fed a regular chow diet.
Phase II Eight weeks after the first study, the animals were restudied. First, the baseline angiogram was performed; then adenosine (0.03, 0.3, and 3 mg) was administered for 1 minute as an intracoronary bolus with successive doses separated by 10-minute intervals. Systemic hemodynamic, angiographic, and CBF measurements were obtained and analyzed 2 minutes after each adenosine dose. A 30-minute period was allowed before cocaine (0.1, 0.5, 3, and 7 mg/kg) was administered for 2 minutes as an intravenous bolus with successive incremental doses separated by 10-minute intervals. Systemic hemodynamic and CBF measurements were obtained and analyzed 3 minutes after each cocaine dose, and coronary angiography was performed thereafter. Intracoronary adenosine (3 mg) was repeated 4 minutes after the 7 mg/kg cocaine dose. After completion of the second study, the left femoral artery was ligated with 2.0 silk, and the skin incision was closed with a running subcuticular 3.0 vicryl suture. One million units of intravenous penicillin was given at the beginning of the procedure, and the same dose was repeated at the end. After confirming that the animals had recovered from surgery and anesthesia, they were housed in a temperature-controlled animal ward.
Phase III Forty-eight hours after the second study, the animals were killed by cardiac excision under deep general anesthesia with a-chloralose, and the in vitro studies were performed thereafter.
The study protocol was approved by both the animal committee of Beth Israel Hospital and Tufts University School of Veterinary Medicine. 
Results

Hemodynamics After Cocaine
The peak effects of four doses of intravenous cocaine (0.1, 0.5, 3, and 7 mg/kg) on systemic hemodynamics are detailed in Table 2 . The baseline hemodynamics study demonstrates that there were significant dose-related increases in mean arterial pressure, heart rate, ratepressure product, pulmonary artery diastolic pressure, and systemic vascular resistance. Cardiac output did not change significantly. Similarly, significant dose-related changes in mean arterial pressure, heart rate, ratepressure product, pulmonary artery diastolic pressure, and systemic vascular resistance were observed after 3 months. There were no statistical differences in any hemodynamic variable when compared with the baseline value. Epicardial Coronary Lumen Diameter After Cocaine
The baseline angiographic study (Table 3) demonstrates that the coronary luminal diameter of the LAD and LCX in either the proximal or middle segments significantly decreased in a dose-dependent manner with the 0.5, 3, and 7 mg/kg dose. Neither focal epicardial vasospasm nor intravascular thrombosis was observed in the LAD or LCX. Thus, cocaine induced a moderate generalized epicardial vasoconstriction in normal (intact) coronary arteries. In the 3-month study, the initial angiogram revealed a total occlusion of the LCX vessel in the proximal site in one animal. The coronary luminal diameter of the LAD and LCX was also significantly reduced in a dose-dependent manner, and epicardial vasoconstriction was similar between these two injured vessels. However, the percentage reductions in coronary luminal diameter of the angioplasty LAD site and denudated LCX site produced by 3 and 7 mg/kg cocaine were significantly larger than the LAD and LCX sites before angioplasty and denudation, respectively (ie, 43+3% versus 25+2% in the LAD and 45±2% versus 21+1% in the LCX, P<.05 by two-way ANOVA plus the Bonferroni adjustment). Focal epicardial vasospasm was not observed; instead, a generalized epicardial vasoconstriction was present.
CBF After Cocaine
The baseline average peak velocity (APV), mean LAD CBF, hyperemic response to contrast (APVcontrast), and CFR ratio decreased in a dose-dependent manner after cocaine administration ( 
Maximal Coronary Vasodilator Reserve
The dose-response relation of adenosine is shown in Table 5 . Incremental doses of intracoronary adenosine (0.03, 0.3, and 3 mg) produced dose-dependent increases in mean LAD CBF and the CFR ratio and decreased CVR. With the maximal adenosine dose (3 mg), the mean LAD CBF increased 345%, and the CFR ratio increased by 200%.
Maximal Coronary Vasodilator Reserve Before and After Cocaine
In the 3-month study, adenosine (3 mg) produced a 3.5-fold increase in mean LAD CBF before cocaine, whereas adenosine produced only a 1.5-fold increase in mean LAD CBF after cocaine (Table 5 ). In addition, adenosine produced a 3.4-fold decrease in CVR before cocaine; whereas repeated adenosine produced a 2.5-fold increase in CVR after cocaine. Thus, adenosine only partially reversed the potent cocaine coronary constrictor effect. Since adenosine responses were obtained only after denudation of the coronary arteries, these results may not be applicable to the normal coronary vasculature. However, this seems unlikely. Isometric Force Recording In Vitro
There was no statistical difference in the resting force contraction or active contraction evoked by 60 mmol/L KCl solution among the vascular rings isolated from proximal segments of the LAD (angioplasty site), LCX (denudated site), and RCA (control site). Histamine, prostaglandin F2a, and serotonin produced vigorous contraction, whereas carbachol and angiotensin II produced a modest contraction. There were no statistical differences in the vascular contraction response of any vasoactive drugs among the LAD, LCX, and RCA vascular rings. In contrast, cocaine in concentrations from 10`7 to 10`mol/L did not produce any active force contraction in the LAD, LCX, or RCA vascular rings.
Microvascular Studies In Vitro
The mean baseline microvessel diameter (MVD) was 126±12 gm at 40 mm Hg of distending pressure. Cocaine at 1 nmol/L decreased the MVD by 3%, cocaine at 100 nmol/L decreased the MVD by 6%, and cocaine at 100
,umol/L decreased the MVD by 14% (P<.05, Fig 3) . In addition, histamine at 10 nmol/L decreased the MVD by 2%, histamine at 100 nmol/L decreased the MVD by 5%, and histamine at 1 ,umol/L decreased the MVD by 17%. Thus, both cocaine and histamine produced a modest but consistent dose-dependent microvascular constriction in vessels <200 ,m.
Morphometry and Histopathologic Findings
The degree of the mean and maximal neointimal proliferation was significantly (P<.003) greater in the angioplasty segment (LAD) and denudated segment (LCX) when compared with the control segment (RCA) in Table 6 . There were no differences in the mean and maximal neointimal proliferation between the LAD and LCX. Thus, vessels injured by angioplasty or endothelial denudation demonstrated similar degrees of intimal smooth muscle cell proliferation. Also, the vascular injury score grading system is shown in Table 6 . The control intact RCA showed a very low-grade vascular injury score. Most grades were distributed between grade I and grade IIC, whereas most of LAD and LCX scores were distributed between grade III and grade IV. 
CFR and Cocaine
To the best of our knowledge, this is the first study to evaluate the maximal CFR before and after cocaine administration and to evaluate the in vivo direct effect of cocaine on the coronary microcirculation. There was a dose-dependent decrease in mean LAD CBF and the CFR ratio and a dose-dependent increase in CVR. Of note, LAD CBF decreases were not associated with decreases in mean arterial pressure, but instead, mean arterial pressure and rate-pressure product increased. More importantly, adenosine, a very potent coronary vasodilator that only produces vasodilation in coronary vessels < 150 gm,32-35 was not able to reverse the increase in CVR induced by cocaine. Thus, cocaine caused constriction in microvessels <150 gim. Consistent with this in vivo observation, cocaine in vitro produced a modest constriction in vessels <200 gim.
Similar observations were reported by Vitullo et al,22 who found that cocaine induced vasoconstriction in coronary microvessels >10 gm but <60 gm in diameter from isolated rat hearts. The main differences in these two studies is that the technique used by Vitullo et al involved tissue perfusion fixation with 1% glutaraldehyde, and this methodology is probably less sensitive than our technique, especially because our microvessels were alive and responsive.
The association between cocaine abuse and myocardial infarction is very well established in the medical literature.'-"l There has been a great deal of clinical and basic investigation to understand this association. Epicardial vasospasm, coronary thrombosis, and catecholamine-mediated damage have been suggested as potential mechanisms for cocaine-related myocardial infarction.1-8 Of note, these animals left the laboratory hypertensive and tachycardic (Table 2) . It is well known that heart rate and arterial pressure augment the myocardial oxygen demand. Indeed, myocardial oxygen demand may induce myocardial ischemia, especially if coronary vasodilator reserve is already diminished, as in the case of coronary artery disease, left ventricular hypertrophy, and hypertension.34 Thus, the increased myocardial oxygen demand, the diminished coronary vasodilator reserve, and the mild epicardial coronary constriction are the probable milieu for the development of myocardial ischemia and myocardial infarction. Moreover, Brogan et Cocaine induced a modest epicardial coronary constriction in vivo in normal intact coronary arteries, but the cocaine effects were significantly enhanced after balloon vascular injury. Similar observations have been made by Flores et al, 36 who demonstrated in humans that cocaine induced coronary vasoconstriction in both diseased and nondiseased coronary artery segments but found a marked vasoconstriction in the segments with advanced atherosclerosis. We did not observe localized coronary vasospasm as had been previously suggested. Instead, a modest generalized vasoconstriction was observed. In the organ bath the LAD, LCX, and RCA responded with similar and equal isometric vascular contraction to KCl, histamine, carbachol, serotonin, angiotensin II, and prostaglandin F2a, suggesting that the functional integrity of the agonist receptors in the cell was well preserved. In contrast, cocaine did not produce any contraction in the vascular rings of RCA, LCX, or LAD. Similar observations have been observed in human coronary arteries,3738 minipig coronary arteries,27 and Yorkshire carotid arteries.39 In the present study, cocaine produced a modest microvessel vasoconstriction in arterioles <200 gm. Similarly, cocaineinduced vasoconstriction has been reported in rabbit aorta40 rat tail artery,4' and guinea pig portal vein. 42 We believe that these different vascular cocaine effects may depend on the difference of distribution or density of adrenergic receptors and sympathetic innervation among the various species studied. Thus, it is possible to conclude that cocaine-induced coronary vasoconstriction in vivo occurred through a secondary release of humoral and/or neurohumoral vasoactive substances.
Finally, it should be noted that the hemodynamic effects of cocaine may be influenced not only by the species of animal but also by coexisting states such as general anesthesia. Wilkerson'3 has demonstrated a marked attenuation of the hemodynamic response to cocaine in dogs under general anesthesia. Although the pigs in the present study and in the one reported previously by Egashira et a127 showed a significant pressor response to cocaine while anesthetized, the response of conscious animals to the same dose of cocaine may have been different and even greater. This remains to be tested in the same animals when they are conscious and when they are anesthetized.
Conclusions
In conclusion, the present study demonstrates that progressive administration of intravenous cocaine produced a dose-dependent decrease in mean LAD CBF with significant dose-dependent increases in CVR. Moreover, maximal CFR was also significantly reduced, reflecting the potent cocaine constrictor effect, especially in coronary microvessels <200 gm. These vigorous coronary constrictor effects were only partially reversed by intracoronary adenosine. These results indicate that cocaine can produce profound microvascular spasm. This may contribute to the ischemia/infarction reported in patients who abuse cocaine and who are subsequently found to have normal epicardial coronary arteries.
